INTRODUCTION
Niwot Ridge, in Indian Peaks region, Colorado Front Range, has been the subject of detailed vegetation mapping and classification and of numerical analysis to determine the primary controls on the distribution of tundra plant communities (Webber and May, 1977; KomairkovA and Webber, 1978) . Traditionally, alpine vegetation has been mapped in the field by alpine ecologists, who simultaneously evaluate the biotic, topographic, and edaphic characteristics of the landscape. However, the objective of our research has been to combine both the physical measurements of vegetation reflectance associated with plant type, density, and vigor derived from an aerial photograph with the spatial context of plant communities derived from a digital terrain model of Niwot Ridge to classify alpine vegetation units. This paper describes and evaluates our initial attempt to map variations in alpine tundra plant communities with remote-sensing and digital terrain data. The earlier work of Webber and May (1977) and Komarkova and Webber (1978) provides the background information necessary to compare our method against the more traditional vegetation survey methods.
Niwot Ridge has also been studied intensively by process geomorphologists (e.g., Bovis, 1974; Thorn, 1978 Thorn, , 1982 Bovis and Thorn, 1981; Burns and Tonkin, 1982) . These studies are relevant because in all cases order of magnitude differences in surficial geomorphic processes were found when data were stratified by plant community. Thorn's papers were concerned with pocket gopher disturbance, Bovis and Thorn's with soil delivery to sediment traps, and Burns and Tonkin's with pedogenesis. Our goal is to use a remote-sensing technique to map alpine tundra and therefore provide a technique that uses remotely sensed data as a reconnaissance tool in process geomorphology.
Snowcover influences both plant communities and surficial geomorphic processes. Webber and May (1977) found that, in decreasing order of importance, soil moisture, snow accumulation, and soil disturbance are the primary controls on plant communities. These factors are also of obvious geomorphic significance. While the interaction between the controls and between plant cover and surface sediment yield is likely to be highly complex, the coincidence between plant communities and geomorphic process rates is worth exploiting, even if not fully understood. This is because assessing the spatial and temporal validities of process data is among the most difficult problems facing process geomorphologists. Temporal extrapolation is probably more difficult to assess than spatial extrapolation, due to the very long timescale involved in geomorphic change; nevertheless, spatial extrapolation is necessary and vital. Therefore, we include a brief illustration in which the results of our vegetation mapping are extended to a geomorphic extrapolation.
REMOTE SENSING OF ALPINE VEGETATION PREVIOUS REMOTE-SENSING INVESTIGATIONS
Aerial photography has been used to map spatial and temporal variation in vegetation, but it has met with limited success in alpine environments. Becking (1959) observed that small tundra communities could be recognized on large-scale black and white aerial photographs, but vegetation type could not be identified. This was because tonal variation on the film was primarily related to the percentage of vegetation cover in the low herbaceous alpine tundra. However, Keammerer (1976) was able to map broad vegetation types on Niwot Ridge using color and color infrared aerial photography, which records the spectral differences among the different plant communities. She was able to define the vegetation units by habitat characteristics even though she did not distinguish the vegetation type. This was because photointerpretation combines the subtle variation in color differences on the film with the biotic, topographic, and edaphic context of the color patterns. Photointerpretation works well for mapping alpine vegetation habitat, but it requires an intensive effort that must be accompanied by field inspection during the interpretation process. Therefore, no effort has been made to extend alpine vegetation surveys over relatively large regions.
USE OF DIGITIZED AERIAL PHOTOGRAPHY
Numerical analyses of remotely sensed observations have been used to map vegetation in the alpine zone, but the results of these studies have not been proven sufficiently accurate or detailed for use in large-scale geomorphic studies (e.g., Hoffer and staff, 1975 Robinove, 1982; Frank, 1984) . We have not yet addressed the temporal problems of vegetation mapping in the alpine zone with digitized aerial photography; but the issues must be examined before the techniques described in our paper can be applied over large alpine regions. (1978) for all of Niwot Ridge. This map was subsequently digitized by us, and the classes aggregated by Braun-Blanquet class. This map was then used in our study to represent the more general habitat-physiognomic noda, which is well suited as a classification system for remote-sensing methods.
NIWOT RIDGE STUDY

VEGETATION CLASSIFICATION
The Niwot Ridge study area was extracted from a NASA color infrared aerial photograph (August 1973, scale 1:50,000) that was digitized on an Optronics P-1700 optical scanning microdensitometer at the University of Wisconsin. This procedure has been documented by Scarpace (1978) and Scarpace and Quirk (1980) . Five-meter square density samples (pixels) of ground resolution were obtained by systematically measuring the film density at 100-am intervals. Three separate passes over the image produced digital estimates of the incident energy at each spot on the film for each layer of the film emulsion. Subsequent digital values, recorded as 8-bit digital numbers, were recorded for the green, red, and near-infrared spectral wavebands. Variation in digital reflectance numbers was used to classify vegetation communities on Niwot Ridge.
A two-stage procedure was employed in this study to classify vegetation on Niwot Ridge. The spectral properties of alpine vegetation from the aerial photograph were used to distinguish between dry and moist communities. Then estimates of the topographic context distribution of dry, moist, and wet communities were used to reclassify observations from the first map. The second-stage classification was used to separate vegetation units that were not otherwise spectrally separable yet which exhibited sufficiently different habitat characteristics. In addition, classification errors made in the spectral classification were corrected when possible using the habitat classification criteria. This technique incorporated the effects of climate variation on vegetation distributions caused by microscale changes in topography, particularly slope and aspect, and mesoscale changes in elevation. Slope was a limiting characteristic for vegetation growth on steep slopes; aspect accounted for the distribution of solar radiation and wind; and elevation represented general trends in temperature and precipitation as controls on plant distributions. Hutchinson (1982) summarized the alternative methods of combining spectral and ancillary data in classification models. More specifically, Fleming and Hoffer (1979) and Strahler et al. (1978) described the application of these techniques to forest classification with Landsat MSS data in mountainous terrain. However, we are unaware of any attempts to classify vegetation in the alpine zone with large-scale, high-resolution, digitized, color infrared aerial photography, and a detailed elevation, slope, and aspect database.
RELATIONSHIP BETWEEN VEGETATION AND SPECTRAL REFLECTANCE
Spectral reflectance from green, healthy vegetation is characterized by strong chlorophyll absorption in the red wavelength interval (.63-.69 tm) and reflectance in the near-infrared interval (.76-.90 Lm) from the plant canopy (Figure 1) . Therefore, an increase in vegetation biomass causes a subsequent increase in the near-infrared/red reflectance ratio (Tucker, 1979; Curran, 1980) . Variation from this idealized reflectance model occurs when changes in vegetation vigor and the composition of the surrounding soil background change both spatially and temporally. In low herbaceous cover, a decreasing near-infrared/red reflectance ratio is not uncommon in response to slightly increasing vegetation cover (Robinove et al., 1981; Frank, 1984) . This effect occurs when spectral reflectance is modified by the surrounding soil and rock background reflectance. Under this condition, reflectance decreases as vegetation productivity masks the background reflectance. This condition exists in much of the study area on Niwot Ridge that exhibits low herbaceous alpine tundra.
In order to enhance the spectral differences between alpine vegetation and the surrounding rock background, a principal components transformation was applied to the digitized aerial photograph (Gillespie, 1980) Table 1 . The results of this cluster analysis indicated that dry and moist vegetation, scree slopes, and snowbeds could be consistently classified correctly. Dry meadow classes were found in well-drained habitats, generally at higher elevations and on north-facing slopes. Moist meadow units were generally found at locations which exhibited early-melting snowpatches. The highest frequency of moist meadow occurred in depressions and snowpatches at higher elevations. Although wet communities like shrub-tundra are widespread at lower elevations on northfacing slopes on the Komarkova and Webber (1978) map, we were unable to map these wet communities with the spectral data only. Snowbed communities were identified as spectrally distinct classes, but these reflectance classes were dominated by the surrounding accumulation of snow in the August 1973 image. These communities were characterized by later-melting snowpatch localities at middle elevations. Snowbed classes were most often found on south-facing slopes at higher elevations, and east-facing slopes at middle elevations.
The numerical classification of the transformed reflectance values was not able to distinguish the areal extent of moist and wet meadow communities in this particular image. Even though unique clusters emerged for the moist communities, the soil moisture differences on the ridge caused the classification to underestimate the extent of wet communities. Similarly, fellfield classes identified by Komarkova and Webber (1978) , extremely windswept xeric habitats located on ridge tops or summits that are oriented at right angles to prevailing winds, were not distinguishable in this analysis. The direction of slope, aspect, was computed from the two partial derivatives (equation 3). This procedure has been shown to approximate the true slopes in a digital elevation matrix (Snyder, 1983) .
TOPOGRAPHIC CONTEXT DISTRIBUTION OF ALPINE VEGETATION
aspect =arctan [(af/ay)/(af/ax)] (3)
A sample of higher level Braun-Blanquet categories from the Komirkova and Webber (1978) map was used to estimate the joint frequency distribution for vegetation communities and class intervals of elevation, slope, and aspect (Table 2) . A summary of the joint distribution of dry, moist, and wet communities clearly suggests that aspect plays a significant role in controlling the moisture regime of vegetation (Table 3) . A less satisfactory, but still discernible, relationship between moisture regime and elevation is apparent in this topographic distribution.
RECLASSIFICATION OF VEGETATION WITH TOPOGRAPHIC DISTRIBUTION MODEL
Vegetation patterns were classified with the topographic distribution relationships using conditional probabilities to predict the most likely vegetation community given the topographic context in which observations were found. However, this is only a second stage classification because the reclassification is dependent upon the original vegetation and cover map produced from the cluster analysis of the transformed aerial photograph. That map was required to make the initial distinction between dry and moist communities, scree slopes, and snowbeds.
An event that is the intersection of two or more events, such as the simultaneous occurrence of a vegetation type and an elevation class, is defined as a joint event. Given that vegetation is event A, and elevation is event B, then the joint event is AQfB. The probability of AQB is given in equation 4. 
The total conditional probability for a series of events, given several topographic variables, can be calculated as the product of the individual conditional probabilities. In this study, the conditional probabilities for dry, moist, and wet vegetation communities and elevation, slope, aspect classes were established from the sample of higher level Braun-Blanquet classes from the Kom,rkovA and Webber (1978) map and the digital elevation, slope, and aspect computations described earlier. The numerical classification of vegetation and other cover types from the enhanced color infrared aerial photograph was used to distinguish the basic differences among these types. Elevation, slope, and aspect were then used to predict the topographic context distribution of these cover types. 
ILLUSTRATION OF GEOMORPHIC POTENTIAL
Bovis and Thorn (1981) determined that surface lowering rates were 10-2 mm yr-1 on tundra meadow, 10-1 mm yr-1 on dry tundra, and 10? mm yr-1 within basins occupied by late-lying snow patches. Using the Komarkova and Webber (1978) map, Bovis and Thorn calculated that on the alpine section of the ridge, tundra meadow occupied about 507o of the area but yielded only 5%o of the soil loss. Dry tundra occupied 350% of the area, and yielded 50% of the soil loss. Late-lying snow patches occupied 3% of the area but yielded 50% of the sediment. Burns and Tonkin (1982) found similarly large discrepancies in pedogenic development between and coincident with plant communities. This stratification of geomorphic process rates by plant community is valid not only for mechanical and chemical processes but also for a more unusual biologic component. Thorn (1982) investigated the spatial variability of pocket gopher disturbance using simple estimates of the soil disturbed by each animal. The sampling was undertaken using the Komarkova and Webber (1978) map as the basis for stratification. Again, order of magnitude differences between plant communities emerged; Niwot Ridge experienced a mean gopher disturbance rate of 4.0 ?+ 7.1 t ha-' yr-' with a maximum of 27.7 t ha-' yr-' within the alpine zone. In areally weighted terms, 54.90%o of the disturbance occurred on 21.4%0 of the area and 8.1% of the disturbance occurred on 36.2%7o of the area.
A summary of gopher disturbance as originally sampled by Thorn (1982) and as recalculated in this study is given in Table by an appropriate ratio to derive the total gopher disturbance by vegetation category using Thorn's (1982, Table 2 ) values. Our results indicated that this preliminary investigation has met with limited success. Order of magnitude estimates may be judged successful, but greater precision cannot be claimed at this time.
CONCLUSIONS
Our primary objective in this study has been methodological and illustrative. Furthermore, our objectives have been constrained by the post hoc nature of this study. None of the geomorphic data was produced at a scale with this type of analysis in mind. Given these limitations, the results of our study suggest that this vegetation classification technique is worthwhile. We envision that the use of temporal aerial photographic coverage depicting soil moisture variation will improve the discrimination of plant communities. Therefore, this technique shows promise for extending vegetation surveys over large regions of the alpine zone.
Technically, it appears that this technique for mapping vegetation communities is useful even in the heterogeneous and complex alpine. zone. Alpine environments are complex and diverse whether considered botanically, climatically, edaphically, geomorphically, or pedologically. Under these conditions, some capacity for meaningful generalization is necessary. Well-founded geomorphic generalization has both theoretical and applied application. Concepts such as Schumm's (1979) postulate that geomorphic processes exhibit both spatial and temporal step-function patterns are of enormous theoretical significance. Adequate testing of such concepts requires examination of areas too large to be feasible using current process geomorphology instrumentation. Stratification and extrapolation techniques described here might well render the issue tractable.
In the applied context, management of fragile alpine tundra areas is of increasing importance, particularly where recreational activity is intense. Summer (1982) presented a combined field/laboratory study of soil erodibility on Trail Ridge, Rocky Mountain National Park, Colorado. Her results indicated very great variability, such that the order of magnitude distinctions cited in our paper are not out of alignment with results from her approach. Extension of this technique to high-latitude tundra surfaces, while appealing, is likely to be confounded, or at least complicated, by ground-ice variability within permafrost. Therefore, there are problems with the global application of this classification procedure, yet the advantages of stratifying vegetation communities for use in geomorphic investigations in the alpine zone appear to be sufficiently promising that further research in this area is merited to resolve the remaining problems.
